Osteoarthritis characterizes the joint disease that results in cartilage damage accompanied by bone lesions and synovial inflammation. Joint integrity results from physiological interactions between all these tissues. Local factors such as cytokines and growth factors regulate cartilage remodeling and metabolism as well as chondrocyte differentiation and survival. Tremendous progress has been made through the use of animal models and provided insight for the mechanism of cartilage loss and chondrocyte functions. Surgical, chemical or genetic models have been developed to investigate the role of molecules in the pathogenesis or treatment of osteoarthritis. Indeed, the animal models are helpful to investigate the cartilage changes in relation to changes in bone remodeling. Increased bone resorption occurs at early stage of the development of osteoarthritis, the inhibition of which prevents cartilage damage, confirming the role of bone factors in the crosstalk between both tissues. Among these numerous molecules, some participate in the imbalance in cartilage homeostasis and in the pathophysiology of osteoarthritis. These local factors are potential candidates for new drug targets.
Introduction
Cartilage loss is the hallmark of osteoarthritis (OA), but involves the whole joint tissues including bone, synovial tissues and ligaments. In humans, the characterization of each tissue lesion that leads to cartilage degradation in a longitudinal manner has been limited as samples are available only at the time of surgery. Recent data based on imaging provided useful information on the lesions developed in the joints at the early stages of OA. 1, 2 Such evaluations have the advantage of providing the localization and the time-course of the tissue alterations such as cartilage, synovium, meniscus and bone. Indeed, synovial, meniscus and bone marrow lesions are good predictors of OA rapid progression at the knee. [3] [4] [5] [6] [7] However, this approach does not fully characterize the cellular and molecular changes that might occur early in the disease. Therefore, animal models are valuable tools to fully characterize the kinetics of the changes in the tissues and the activation/inhibition of implicated molecules. Moreover, animal models provide insight for the development of new molecules and their efficacy.
Animal Models in OA
The final goal of animal models is to reproduce human diseases. Given the heterogeneity of profiles in human OA, many models are needed. They are either spontaneous or induced.
Spontaneous OA might occur naturally such as in Str-Ort mic or in genetically modified mice. 8 OA can also be induced by intraarticular injection of chemicals uch as mono-iodiacetate. Surgical models that are now widely used led to the description of several procedures, but they all target joint instability to induce OA.
Most of them focused in one factor that favors the development of OA such as aging, mechanical stress (surgery), chemical defect (enzyme) or in genetic factors. All of them differ in terms of severity, localization of lesions and pathogenesis. Hence, the choice of the model should be appropriate to the addressed question. For example, the choice should be focused on either the role of tissues or molecules that could trigger OA, the development under a specific genetic background or the use of drugs to prevent the occurrence of OA. Moreover, the necessity of animal models is driven by the need of preclinical studies in order to evaluate the safety, toxicity and effects of drugs.
The most widely used models are animals of small size such as mice, rats, guinea pigs and rabbits because of the easy access of animal facilities. Sheep, goats and horses are less used in relation of the financial burden they entail. For all of them, skeletally mature animals are suitable. Regardless of the techniques that are available to induce arthritis, histopathology scores are mandatory. The Mankin score has been used as described for humans, and recently the OOCHAS score was developed in mice; 9 more recently, the OARSI scores have been established for each animal. 10 This initiative helped to standardize the lecture of the cartilage damages and in allowing the comparison across studies.
Different models are available to assess the effect of bone on cartilage. The most suitable model for assessing the influence of bone-cartilage interaction is the rat or the mouse, allowing the targeting of molecules through gene manipulation. Mechanically induced OA is widely used, related to the possibility of inducing lesions of various severities through procedures that include the combinations of ligament transection and menisectomy in the mouse knee joints. Four models of joint instability have been proposed that include the progressive removal of the structures. The mild model of OA consisted of the sectioning of the anterior cruciate ligament, the moderate model encompassed the removal of the medial meniscus in addition to anterior cruciate ligament (ACT) transaction, the medial model consisted of the sectioning of the medial meniscus and collateral ligament, whereas the severe model included the transection of the patellar ligament in addition to the sectioning of all these structures. Joint instability results in cartilage damage in a time-dependent manner and according to the number of joints structures that are removed or sectioned 11 ( Table 1) . Therefore, this model could be appropriate for identifying the early-stage changes in the whole joint tissues.
Subchondral Bone Lesions in OA
The role of the subchondral bone in the pathogenesis of OA was first suggested a long time ago on the basis of clinical evidence. 12, 13 Negative correlations have been reported in the incidence of hip/knee OA and osteoporosis in the past, [14] [15] [16] but increased risk factures are observed in OA patients. 17, 18 Moreover, subchondral bone changes in OA patients might trigger the initiation and promote the progression of cartilage lesions. 12, 13, 19 As subchondral bone transmits the mechanical strains applied to joints, cartilage lesions might be initiated when bone stiffness is high. It is hypothesized that zones with high mechanical loading lead to microfractures, which in turn increases the subchondral bone remodeling in an attempt to repair the damage. 12, 20, 21 Therefore, bone features might result from joint repair as well as from an imbalance in the physiological interactions between the bone and the cartilage. 22 Subchondral bone is defined as the bone plate underlying the cartilage, although this often refers to the entire underlying trabecular network. The subchondral bone could be assessed in the epiphyseal region underlying the cartilage using microCT or histomorphometric methods that are applied for bone evaluation. The distribution and damping of mechanical loading depends on the quality of the subchondral bone, 12, 20, 21 and the mechanical competence of the cartilage is probably influenced by the mechanical properties of the bone plate and the trabecular network beneath. Bone remodeling leads to the apposition of new, less-mineralized bone and subsequently results in bone with a lower mineral content, which is more liable to deformation when loaded. Therefore, focal high bone remodeling could impair the mechanical properties of bone, which in turn would modify the transmission of mechanical strain and the response of the cartilage.
Increase in bone volume is characteristic of the later stages of OA in humans, and occurs when the cartilage has been degraded. 23, 24 In advanced stages, the bone volume measured at the tibia plateau of OA patients is higher than that in controls; this is related to increased trabecular thickness, reflecting a high rate of bone formation. 25 In contrast, maintained trabecular separation suggests the absence of bone resorption. These features have been confirmed in severe OA. 26 Of note, data are mostly obtained from OA joints at the stage of joint replacement, which reflect the adaptive response of the bone to cartilage damage. Early changes are seldom reported in humans and some studies have shown that the trabecular network is poorly connected, indicating initial high bone remodeling might contribute to poor mechanical bone resistance. 27 Animal models provide evidence of high bone remodeling at various stages before cartilage matrix degradation occurs. In guinea pigs, which develop spontaneous knee OA, bone volume increases in parallel to cartilage wear followed by progressive thickening of the trabeculae at late stages. However, perforation of trabeculae is observed at early stages, indicating a high bone remodeling and decreased bone mineral density during the initial stage of OA. 28 The development of a mechanical model of OA induced by joint instability further confirms these observations. In dogs with a sectioned cruciate ligament, early-phase OA displays subchondral bone and trabecular thinning associated with increased bone resorption. 29 At later stages, decreased mineralization of subchondral bone occurs 30 while connectivity is restored. 31 This has been confirmed in rats with joint instability, in which osteoclastic activity and resorption markers are increased at early stages. 32 Interestingly, inhibiting bone resorption with alendronate alleviates cartilage degradation through a mechanism involving MMP13 expression. 33 In mice with joint instability induced by meniscectomy, subchondral bone thickening appears before cartilage degradation at 6-10 weeks. 11 Osteoclastic activity and structural changes precede cartilage lesions and can be prevented by osteoprotegerin, an inhibitor of bone resorption. 34 Moreover, inhibition of resorption in mice with high bone remodeling results in a reduction of cartilage lesions. 35, 36 Interestingly, collagenaseinduced OA results in changes in the trabecular network and promotes osteoclastogenesis, 37 confirming an early high bone resorption at early stages of OA regardless of whether the initial stress is mechanical or chemical. Altogether, the acceleration of bone remodeling might be an initial step, followed by the thickening of subchondral bone, which might be an adaptive response secondary to mechanical loading or an attempt to repair the cartilage. As described above, animal models contribute to the understanding of cartilage remodeling, although they require heavy and time consuming experiments. The development of biochemical markers will improve the characterization of the kinetics of cartilage damage and the progression of the disease.
In conclusion, several animal models are available for the understanding of OA onset. They all mimic the phenotype of human OA but each of them is useful to integrate the pathophysiology and response to molecules. They have provided accumulating evidence that bone changes precede cartilage damage in OA and might favor the progression of OA along with cartilage damage. Therefore, targeting bone tissue is a possible approach to the prevention and treatment of OA.
